Background: The mechanism underlying tumor spread through air spaces (STAS) has not been well studied. We investigated the role of tumor stromal cells in the pathogenesis of STAS from a pathological perspective and evaluated the prognostic significance of tumor stromal cells and STAS in postoperative patients with lung adenocarcinoma. Methods: We retrospectively analyzed 208 postsurgical patients with stage I-IIIA lung adenocarcinoma. The presence of STAS was evaluated by hematoxylin and eosin staining. The expression of α-smooth muscle actin (SMA)-positive cancer-associated fibroblasts (CAFs) and CD204-positive tumor-associated macrophages (TAMs) was analyzed by immunohistochemistry. A logistic regression model was applied to confirm the predictive factors of STAS. Survival analysis was performed to evaluate the effect of α-SMA-positive CAFs, CD204-positive TAMs, and STAS on prognosis. A nomogram was generated to evaluate the prognosis of postoperative patients. Results: Logistic regression suggested that the expression of α-SMA-positive CAFs (P < 0.001) and the number of CD204-positive TAMs (P < 0.001) were related to the presence of STAS. The multivariate Cox proportional hazards model suggested that STAS (P = 0.004), α-SMA-positive CAFs (P < 0.001), and CD204-positive TAMs (P < 0.001) were independent risk factors for prognosis. Harrell's c-indexes for overall and recurrence-free survival prediction based on nomograms were 0.84 (95% confidence interval 0.76-0.91) and 0.82 (95% confidence interval 0.76-0.89), respectively. Conclusions: The presence of STAS was associated with high expression of α-SMA and CD204 in lung adenocarcinoma. Nomograms including STAS and stromal cells as variables are recommended as practical models to evaluate the prognosis of lung adenocarcinoma patients.
Introduction
Non-small cell lung cancer (NSCLC) is one of the leading causes of cancer-associated death worldwide, with high incidence and mortality rates. 1 The high degree of malignancy and the heterogeneity of cancer cells have led researchers to focus on the study of malignant cells present in the epithelial compartment. 2 Recent studies have reported important variations in recurrence-free survival (RFS) and overall survival (OS) rates after radical resection, even among stage I lung adenocarcinoma patients, suggesting the existence of high-risk subgroups. [3] [4] [5] [6] This heterogeneity in survival outcomes and histology motivated the International Association for the Study of Lung Cancer, the American Thoracic Society, and the European Respiratory Society (IASLC/ATS/ERS) to propose a new multidisciplinary lung adenocarcinoma classification system in 2011. 7 This classification scheme recognizes five different patterns of lung adenocarcinoma growth (i.e. histological subtypes): lepidic, acinar, papillary, solid, and micropapillary. 7 Along with the publication of the IASLC/ATS/ERS classification, a few new morphological features have been identified that appear to be prognostically important, including spread through air spaces (STAS). 8 STAS is defined as the spread of lung cancer cells into air spaces in the lung parenchyma beyond the edge of the main tumor and can be evaluated by hematoxylin and eosin (H&E) staining. STAS occurs less frequently in lepidicpredominant adenocarcinomas and more frequently in micropapillary and solid-predominant adenocarcinomas. A growing number of independent studies have validated STAS as a predictor of recurrence and survival in lung adenocarcinoma. [8] [9] [10] [11] [12] [13] However, the mechanisms underlying the presence of STAS have not been well studied.
Several recent studies demonstrated that the biological behavior of cancer cells is largely influenced by the tumor microenvironment. [14] [15] [16] [17] [18] The tumor microenvironment is composed of not only cancer cells, but also several kinds of stromal cells, including fibroblasts; macrophages; inflammatory cells, such as neutrophils and lymphocytes; and newly formed microvessels. These stromal cells can influence the proliferation, survival, and invasion of cancer cells and create a specific tumor microenvironment. [19] [20] [21] [22] [23] [24] Cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs) are the major cellular components of the tumor microenvironment. Studies show that co-cultivation and co-injection of cancer cells with tumor-promoting CAFs or TAMs leads to enhanced invasiveness or implantation of malignant cells. [25] [26] [27] Furthermore, tumor-promoting CAFs and TAMs release various growth factors, cytokines, and proteinases that create a favorable microenvironment for tumor progression. [27] [28] [29] Alpha smooth muscle actin (α-SMA) and CD204 are representative markers of tumor-promoting CAFs and TAMs in resected specimens. 21, [30] [31] [32] Therefore, we hypothesized that the expression of α-SMA and CD204 may be related to the presence of STAS.
The purpose of this study was to investigate the roles of tumor stromal cells in the pathogenesis of STAS from a pathological perspective and to evaluate the prognostic significance of tumor stromal cells and STAS in patients with lung adenocarcinoma.
Methods

Patients and clinicopathological data
Data from 312 patients with lung cancer treated by radical surgical resection at the Second Affiliated Hospital of Soochow University between January 2009 and December 2014 were retrospectively analyzed. The inclusion criteria were as follows: (i) patients treated by radical resection; (ii) pathologically confirmed stage I-IIIA lung adenocarcinoma; and (iii) complete follow-up information. Patients who received neoadjuvant radiochemotherapy were excluded. Finally, a total of 208 patients were included in the study. Two pathologists separately reviewed the H&E stained slides of 208 resected specimens. If there were controversies or discordance in the pathological diagnoses, consensus was reached by discussion. Lung adenocarcinomas were classified according to the IASLC/ATS/ERS classification 7 and staged according to the eighth edition of the tumor node metastasis (TNM) Classification for Lung Cancer. 33 The presence of STAS was identified by routine H&E staining.
The Institutional Review Board of the Second Affiliated Hospital of Soochow University approved the study. The requirement for informed patient consent was waived because of the retrospective nature of the study.
Immunohistochemical staining
The presence of α-SMA-positive CAFs and CD204-positive TAMs in consecutive slides from resected samples was evaluated by immunohistochemical staining for α-SMA and CD204 in lung adenocarcinoma specimens. Sections (4 μm thick) were deparaffinized with xylene, rehydrated, and antigen-retrieved in a microwave oven for 20 minutes. The slides were then washed three times in phosphate buffered saline (PBS) and immersed in a 0.3% hydrogen peroxide solution in methanol for 15 minutes to inhibit endogenous peroxidase activity. After washing the slides three times in PBS, nonspecific binding was blocked by preincubation with 2% normal swine serum in PBS (blocking buffer) for 30 minutes at room temperature. For α-SMA immunohistochemical staining, individual slides were incubated overnight at 4 C with anti-human α-SMA rabbit polyclonal antibody (PA5-22251; Thermo Fisher Scientific, Rockford, IL, USA) at a final dilution of 1:200 in blocking buffer. Tissue sections were also stained with a mouse anti-human CD204 antibody (Scavenger Receptor Class A-E5; TransGenic Inc., Kobe, Japan) at a final dilution of 1:400 in blocking buffer. Slides were subsequently incubated with EnVision (Dako, Denmark A/S, Glostrup, Denmark) for one hour at room temperature. The slides were then washed three times with PBS and incubated with EnVision (Dako) for one hour at room temperature, and after extensive washing with PBS, the color reaction was developed in 2% 3, 3-diamino-benzidine in 50 mM Trisbuffer (pH 7.6) containing 0.3% hydrogen peroxidase. Finally, the sections were counterstained with Meyer hematoxylin, dehydrated, and mounted.
Assessment of α-smooth muscle actin (SMA) expression in cancer-associated fibroblasts (CAFs) and CD204 in tumorassociated macrophages (TAMs)
Two independent pathologists unaware of clinical patient data reviewed the stained slides. To score the expression of α-SMA in CAFs, four high power fields in tumor stroma were randomly selected for each slide. According to previous studies, the staining index was calculated as a product of staining intensity (negative = 0, weak = 1, moderate = 2, and strong = 3) multiplied by staining extent (0% = 0, 1-10% = 1, 11-50% = 2, and > 50% = 3). A final score of 0-2 indicated α-SMA-negative CAFs, and a score of > 2 indicated α-SMA-positive CAFs. 34, 35 To estimate the expression of CD204 in TAMs, the four areas showing the highest CD204-positive TAM infiltration within a section were selected, and the number of CD204-positive TAMs in tumor stroma was counted under a light microscope at ×400 magnification (0.0625 mm 2 /field). The count was recorded as the average number of CD204-positive TAMs for each case. High expression was defined as an average number of CD204-positive TAMs > 8. 32 
Statistical analysis
Correlation analysis was performed using the χ 2 test and a logistic regression model. OS and RFS were calculated using the Kaplan-Meier method, and differences between groups were analyzed using the log-rank test. Cox proportional hazards multivariate models were used to identify independent predictors. All P values reported were twosided, and the significance level was set at < 0.05. Analyses were performed using SPSS version 22.0 (IBM Corp., Armonk, NY, USA).
Results
Description of baseline features
The clinicopathological features of 208 patients are shown in Table S1 . Among the enrolled patients, 51.9% were female and 56.3% were non-smokers. The mean age of the patients was 63 (range: 31-81) years. There were 127 patients (61.1%) with stage I disease, 50 (24.0%) with stage II disease, and 31 (14.9%) with stage IIIA disease. The distribution of predominant histological patterns was as follows: lepidic in 14 patients (6.7%), acinar in 64 (30.8%), papillary in 95 (45.7%), solid in 28 (13.5%), and micropapillary in 7 patients (3.4%). STAS was present in the histopathological slides of 107 patients (51.4%). A representative image of an H&E stained case for STAS is shown in Figure 1 . In the adenocarcinoma specimens, 84 cases (40.4%) of high α-SMA-positive CAFs and 110 cases (52.9%) with a high number of CD204-positive TAMs were identified. Representative images of immunohistochemical staining for α-SMA and CD204 are shown in Figure 2 .
Associations between the presence of spread through air spaces (STAS) and clinicopathological factors, α-SMA, and CD204
The associations between clinicopathological variables, α-SMA-positive CAFs, and CD204-positive TAMs and the presence of STAS are shown in Table 1 metastasis (OR 5.723, 95% CI 3.051-10.734; P < 0.001), and micropapillary histological type (OR 10.800, 95% CI 0.997-116.998; P < 0.001). STAS was more likely to be present in resected specimens with a higher frequency of α-SMA-positive CAFs (OR 4.096, 95% CI 2.256-7.436; P < 0.001) and a higher number of CD204-positive TAMs (OR 2.567, 95% CI 1.517-4.656; P < 0.001). Together these results suggested that cancer-associated stromal cells were related to the occurrence of STAS. In addition, the presence of CD204-positive TAMs was significantly correlated with smoking status (P < 0.001).
Prognostic impact of STAS, α-SMA-positive CAFs, and CD204-positive TAMs in patients with stage I-IIIA lung adenocarcinoma Figure 3 shows the OS and RFS curves of patients with stage I-IIIA lung adenocarcinoma according to the ; P < 0.001) were statistically significant independent predictors for OS, whereas the presence of STAS (HR 1.759, 95% CI 1.096-2.824; P = 0.019) and high frequencies of α-SMA-positive CAFs (HR 5.561, 95% CI 3.364-9.195; P < 0.001) and CD204-positive TAMs (HR 2.236, 95% CI, 1.458-3.427; P < 0.001) were statistically significant independent predictors for RFS (Table 3) .
Subgroup analysis of the prognostic roles of α-SMA and CD204 based on STAS status
As shown in Figure 4 , patients with a high frequency of α-SMA-positive CAFs had poorer OS (P < 0.001) and RFS (P < 0.001) than those with low expression levels in both STAS-positive and STAS-negative groups. However, only patients in the STAS-positive group with high CD204 expression had poorer OS (P < 0.001) and RFS (P < 0.001) than those with low CD204 expression (P = 0.37 and 0.95, respectively).
Nomograms for predicting prognosis of lung adenocarcinoma
To predict the OS and RFS of patients with lung adenocarcinoma, two nomograms based on clinical risk factors including STAS, α-SMA, and CD204 as variables were established by the multivariate Cox regression model according to the significant independent risk factors for OS and RFS (Fig 5a,b) . Nomograms can be interpreted by adding the points assigned to each variable, which is indicated at the top of the scale. The total points can be converted to predict the five-year probability of death and recurrence or metastasis for a patient in the lowest scale. 36 The Harrell's c-indexes for OS and RFS prediction were 0.84 (95% CI 0.76-0.91) and 0.82 (95% CI 0.76-0.89), respectively. Calibration curves for the two nomograms (Fig 5c,d) showed no deviations from the reference line and no need for recalibration.
Discussion
It is still debatable whether STAS is an in vivo effect in any instance or potentially an artifact induced by cutting though a tumor with a knife. 37 However, until now, all studies on STAS have shown that this novel morphologic feature is of high prognostic value. STAS has been identified as a risk factor for OS and RFS in all stages of lung adenocarcinoma, 11, 12 and as an independent predictor of recurrence in patients with stage I lung adenocarcinoma that have undergone limited surgical resection. 8 STAS also correlates with more aggressive growth patterns of lung adenocarcinoma, ranging from papillarypredominant to micropapillary-predominant and solidpredominant adenocarcinomas, 12, 13 similar to the results of our analysis (Table 1) . Our study results showed that STAS was present in 51.4% of lung adenocarcinoma cases. This was consistent with the data reported by Warth et al., who reported that STAS was present in 50.6% of patients. 38 Wislez et al. showed that neutrophils can induce tumor shedding and the aerogenous spread of lung adenocarcinoma with bronchioalveolar carcinoma features, which is related to shorter survival. 39 However, the roles of other tumor-associated stromal cells in the development of STAS have not been fully explored based on the new pathological classification of lung adenocarcinoma. CAFs and TAMs are the major cellular components of the tumor microenvironment and can orchestrate cancer dissemination and metastasis. 40, 41 Our results indicate that the presence of STAS is significantly associated with a higher frequency of α-SMA-positive CAFs and a higher number of CD204-positive TAMs. The subgroup analysis results indicated that α-SMA-positive CAFs play an important prognostic role in postoperative lung adenocarcinoma patients, regardless of the presence of STAS in resected specimens. However, CD204-positive TAMs only significantly predicted prognosis in the presence of STAS. Therefore basic research is required to further illustrate the mechanism of whether CD204-positive TAMs can promote the occurrence of STAS.
Despite substantial diagnostic and therapeutic improvements in the last two decades, the overall five- Significant P value shown in bold. CAFs, cancer-associated fibroblasts; CI, confidence interval; HR, hazard ratio; TAMs, tumor-associated macrophages; STAS, spread through air spaces.
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Thoracic Cancer 10 (2019) 256-267year survival rate of lung cancer patients remains < 15%. 42 This fact has shifted the focus of cancer treatment from an incomplete view including only malignant cells to a comprehensive view including both tumor cells and stromal cells in the tumor microenvironment. Stromal cells play prominent roles in tumor initiation, progression, and metastasis through the secretion of soluble factors, such as growth factors or inflammatory chemokines. In addition, they are involved in remodeling the tumor extracellular matrix and tumor metabolism, the regulation of the motility and stemness of cancer cells, and the preparation of the metastatic niche. Therefore, focusing on stromal cells as therapeutic targets in the treatment of lung adenocarcinomas could be valuable. Hitherto, several drugs targeting the tumor stroma are either under study or in clinical use. CSF1R inhibitors significantly suppress the recruitment of tumor-associated macrophages and inhibit tumor growth. 43 Imatinib can inhibit the activity of CAFs by interfering with platelet-derived growth factor signaling, 44 and the VEGF trap can prevent tumor metastasis by inhibiting angiogenesis. Zhang et al. found that imatinib also can inhibit macrophage M2-like polarization both in vitro and in vivo, which contributes to its anti-metastatic function in lung cancer. 45 In addition, Shinya et al. found that targeting platelet-derived growth factor signaling between cancer cells undergoing EMT and CAFs was a promising therapeutic target to inhibit cancer progression and improve patient prognosis. 46 Our results showed that CAFs and TAMs were significantly related to STAS and may be effective therapeutic targets in patients with STAS. In addition, to help clinicians categorize these patients according to risk factors and to identify high-risk patients, two nomograms based on clinical risk factors and STAS, α-SMA, and CD204 were established. The results showed that Harrell's c-indexes for OS and RFS prediction of 0.84 (95% CI 0.76-0.91) and Significant P value shown in bold. CAFs, cancer-associated fibroblasts; CI, confidence interval; HR, hazard ratio; STAS, spread through air spaces; TAMs, tumor-associated macrophages.
Thoracic Cancer 10 (2019) 256-2670.82 (95% CI 0.76-0.89), respectively. Nomograms based on OS and DFS can be recommended as practical models to evaluate the prognosis of lung adenocarcinoma patients. The present study had several limitations. First, because of the retrospective nature of the study, performance and selection bias were inevitable. Second, the study included patients from a single institution. Third, basic research on the mechanism underlying STAS was not included. Further multicenter studies with larger patient cohorts may address these limitations, and basic research is required to further illustrate the mechanism by which the tumor microenvironment promotes the progression of STAS.
In conclusion, the presence of STAS was associated with high expression of α-SMA and CD204 in lung adenocarcinoma. Nomograms including STAS and stromal cells as variables are recommended as practical models to evaluate the prognosis of lung adenocarcinoma patients. Figure 4 Subgroup analysis of the prognostic role of α-smooth muscle actin (SMA) and CD204 based on spread through air space (STAS) status. Overall and recurrence-free survival curves of STAS-negative patients according to (a,b) the scoring of α-SMA-positive cancer-associated fibroblasts (CAFs) (both P < 0.001) and (c,d) the number of CD204-positive tumor-associated macrophages (TAMs) (P = 0.37 and P = 0.95, respectively); and STAS-positive patients according to (e,f) the scoring of α-SMA-positive CAFs (both P < 0.001) and (g,h) the number of CD204-positive TAMs (both P < 0.001). ( ) Low alpha-SMA (n = 77) ( ) high alpha-SMA (n = 24), ( ) low alpha-SMA (n = 77) ( ) high alpha-SMA (n = 24), ( ) low CD204 (n = 60) ( ) high CD204 (n = 41), ( ) low CD204 (n = 60) ( ) high CD204 (n = 41), ( ) low alpha-SMA (n = 47) ( ) high ( ) alpha-SMA (n = 60), ( ) low alpha-SMA (n = 77) ( ) high alpha-SMA (n = 24), ( ) low CD204 (n = 38) ( ) high CD204 (n = 69), and low CD204 (n = 38) ( ) high CD204 (n = 69).
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